Volume holographic gratings are recorded and retrieved in two commercially available glasses: Schott Foturan and Hoya PEG3. These materials are photoetchable, which describes their major application, but they also allow storage of volume holograms without any chemical etching. The samples are illuminated with ultraviolet light at a wavelength of 325 nm and thermally processed to achieve a maximum diffraction efficiency of Ϸ9% for a 1-mm-thick sample. The two glasses show similar behavior; the diffraction efficiencies in Foturan tend to be slightly larger, whereas PEG3 tends to have weaker light scattering.
Introduction
Volume holograms are useful for applications such as wavelength filters in optical telecommunication networks and holographic data storage. 1, 2 Robust recording materials with excellent long-term stability of the written holograms are a requirement for such applications. Here we present a study of the holographic properties of two commercially available photoetchable glasses, Foturan from Schott and PEG3 from Hoya. These glasses also allow for the storage of volume holograms by illumination with UV light and a subsequent annealing procedure, but without any chemical etching. Thus it is expected that these glasses are useful as holographic recording media.
The photoetchable glasses examined in this paper are cerium-silver-doped lithium-aluminum-silicate glasses. Changes of the refractive index and of the absorption are obtained as described by the following relations 3 :
1. Annealing : nAg ϩ ϩ ne
2. Annealing : ͑ Ag ͒ n → lithium metasilicate, as seed crystals causes refractive-index and absorption changes.
By illumination with UV light (in our case with light at a wavelength ϭ 325 nm), the cerium is oxidized from the 3ϩ state to the 4ϩ state releasing one electron. In a first annealing step the released electrons reduce the positively charged silver ions. The neutral silver atoms have a high mobility; they move and form silver clusters within the glass. In a second annealing step at a higher temperature, these silver clusters act as seed crystals for the crystallization of the glass around them. It is this crystallization that produces the main refractive-index and absorption changes. For suitable annealing temperatures and times, the crystals do not approach or exceed the dimension of the light wavelength, and hence light scattering is weak. Such glasses have been tailored and tested for holographic and other optical applications, 4,5 but here our aim is to evaluate commercially available photoetchable glasses with regard to their holographic properties and to maximize the diffraction efficiencies while keeping scattering around the readout wavelength as low as possible.
The photoetchable glasses Foturan and PEG3 have the compositions shown in Table 1 . 6, 7 Since they possess similar physical, chemical, and electrical properties, we expect them to show similar behavior.
Experimental Methods
The Foturan samples came in 1-mm-thick slices of 4.5 cm ϫ 4.5 cm whereas the Hoya slices of PEG3 were 3 mm thick and 10 cm ϫ 10 cm wide. After cutting, the samples used in the experiments had an area of Ϸ1 cm ϫ 1 cm. The sample processing was done in two steps: an irradiation step to generate volume holograms and an annealing step to thermally develop and fix the holograms in the glass.
The setup for the holographic recording is shown in Fig. 1 . A randomly polarized HeCd laser operating at the wavelength ϭ 325 nm was used as the light source. The beam was expanded to ensure a more homogeneous illumination of the samples. The full width at half-maximum diameter of the recording beams was Ϸ8 mm. With the angle between the surface normal and the recording beams set to 15°(in the air), the resulting grating period length became ⌳ ϭ 0.6 m. As an alternative, in some experiments we projected a mask onto the samples instead of using the interference pattern. An intensity of 1.3 mW͞cm 2 was used to generate exposures ranging from 2.5 to 15 J͞cm 2 . The second processing step was thermal annealing. After a series of trials, we modified the annealing schedules suggested by the manufacturers to achieve optimum performance for the holographic application. We placed the samples in the oven and raised the temperature at a rate of Ϸ3-4 ºC͞min up to 500°C (for Foturan) and 490°C (for PEG3). This temperature was kept stable for periods of up to 2 h before the temperature was raised to 580 -590°C at a rate of Ϸ1-2 ºC͞min. Then the samples were either left there for up to 15 min or directly cooled down at a rate of Ϸ4 ºC͞min. The samples stood upright in the oven in the same orientation as in the illumination setup.
To characterize the samples, laser light at several wavelengths ͑ ϭ 633, 785, 840 nm͒ was used to measure the diffraction. The measurements were taken by setting the samples onto a rotation stage. We recorded the diffracted light intensity I diff versus the angle of incidence and measured the transmitted intensity I trans at the Bragg angle; thereby we can calculate the diffraction efficiency using
The coupled-wave theory allows us to determine from ͑͒ the effective thickness d of the volume holograms. 8 This d can be smaller than the actual thickness of the sample because of absorption. The holographic sample characterization was done after each processing step, meaning after the illumination and after the annealing.
Experimental Results
In general, the Foturan samples showed a mostly clear yellow-brownish color after the first annealing step. After the second step, the glass developed milky effects due to the crystallization and became more scattering. The PEG3 samples showed colors varying from pink to brown and then yellow, depending on the exposure. The best holographic results were obtained with samples having a brown color at the center (and pink outer parts due to the Gaussian beam illumination), as is suggested in the Hoya product information for photoetchable applications. For those samples, milky effects appeared after the second annealing, but did not cause excessive scattering. Typical numbers for light scattering covered a very wide range from Ϸ1% of the incident intensity for the best samples to more than 90% for the worst samples. Table 2 gives a short overview of some of the experimental results that are gained from Foturan as well as PEG3 samples. For each sample, the processing is given in terms of the exposure and the annealing conditions. The latter are divided into five parts: (a) the averaged heating rate for the first annealing step, (b) the time that the sample was kept at a stable temperature, (c) the rate to the final temperature of the second annealing step, (d) the waiting time at this final temperature, and (e) the cooling rate down to room temperature. The experimental results for the extinction ␣ (including absorption and scattering), for , and for the effective hologram thickness d are shown.
A typical fully processed Foturan sample has a Focusing more on the diffraction efficiency, the highest measured for Foturan is Ϸ9.4%, but with an extinction coefficient ␣ of 4.3 mm
Ϫ1
. The Hoya glass PEG3 behaves similar to the Foturan from Schott. The optimized diffraction efficiencies are slightly lower for PEG3, but the extinction is also less. In PEG3, the effective grating thickness is larger than that in Foturan (see Table 2 ). These differences are relatively small and may be within the variability of our experiments.
In some cases we also separated the two annealing steps and cooled the samples down to room temperature before heating them up to 580°C. This separation does not lead to any considerable change of the final values for either the diffraction efficiency and extinction or the fit parameter d.
Experiments with 2-, 10-, and 50-m masks lead to very strong gratings for the 10-and 50-m masks with the first diffraction order as strong as the undiffracted beam. This gives a diffraction efficiency Ϸ 50%. The exposure was between 1-5 J͞cm 2 and hence lower than the one in the holographic experiments.
In both cases-for the holographically recorded gratings as well as for those recorded with the masks-after thermal processing no degradation or fading of the holograms could be observed over several months of experiments.
Discussion
We were able to store volume holographic gratings in two commercially available photoetchable glasses: Foturan from Schott and Hoya PEG3.
The angular selectivity curve does not show a perfect sinc function as is expected from the coupledwave theory. 8 This is probably caused by the effect that the glass absorbs the recording light, and hence the gratings are not homogeneous over the depth.
We do not have direct measurements that show whether phase or absorption gratings dominate. However, especially the experiments with the 50-m mask and the resulting very high diffraction efficiencies make it most likely that the phase gratings also dominate in the holographic experiments. From the coupled-wave theory 8 we then conclude that refractive-index changes of up to 2.5 ϫ 10 Ϫ5 are obtained. A beam-coupling experiment of a moving grating 9,10 could give information on which contribution to the diffraction efficiency is caused by amplitude and which is caused by phase gratings.
A further aspect that also deserves attention is the possibility of an effective shrinkage of the holograms upon thermal development: Physical contraction as well as homogeneous refractive-index changes may alter the Bragg condition. Nevertheless, it is evident that in inorganic glasses such effects will be much smaller than in photopolymers.
The experiments with the 2-, 10-, and 50-m masks clearly show a trade-off between resolution and diffraction efficiency: As the holographic experiments prove, recording in the micrometer range is possible, but much stronger holograms are obtained with the 50-m mask. Maybe this can be attributed to a long diffusion length in the recording or annealing process. This explanation is consistent with the observation that the 2-m mask showed approximately the same results as the volume holography. Further experiments are needed to confirm this since the stability of the recording setup with the mask is better. Moreover, we find that with the mask the optimum exposure energies are lower.
In conclusion, our investigation shows that commercially available photoetchable glasses are an interesting holographic recording medium and that this material deserves further attention.
